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The success of a species depends upon its ability to survive, grow and repro-
duce in its natural environment. The growth pattern in decapod crustaceans is
known as the intermolt cvele. The survival and effective competition of most
poikilothermic animals is aided by the phenomenon of thermal acclimation, enabling
the organism to achieve a relative constancy of metabolic function in an environ-
ment of fluctnating temperature. Numerous reviews have delineated the myriad
physiological and biochemical alterations associated with both molting and tempera-
ture acclimation (Passano, 1960; Huggins and Munday, 1968: Yamaoka and
Scheer, 1970; Hohnke and Scheer, 1970; Rao, 1967 ;: Hazel and Prosser, 1974).
Given the diverse and sometimes conflicting metabolic demands associated with
the two processes, it wonld be expected that the molt cycle condition would affect
the patterns of thermal acclimation in crustaceans. McWhinnie and O'Connor
(1967) reported that intermolt crayvhsh adaptively increase their oxygen con-
sumption in response to cold temperatures, while premolt animals do not com-
pensate.

The purpose of the present study is to explore the effect of the internal physio-
logical condition of the organism (molt cyele stage) upon the metabolic response
to an imposed environmental stress (acclimation temperature). The rates of
incorporation of precursors into protein and RNA were measured to provide
both specific information on changes in two important pathways, and more
general information on metabolic changes because of the central role of these path-
ways in the synthesis of new enzymes and cellular components. Since pyrimidine
precursors may enter the nucleotide pool for subsequent incorporation into RNA
through a salvage pathway (uridine — UMP — RNA) or through de novo syn-
thesis (CO. — orotic acid — UMP — RNA), the activities of both pathways were
monitored.

MATERIALS AND METHODS

Animals

Tobsters were collected from Narragansett Bay, Rhode Island, between late
May and early September. Only reproductively immature animals, with a
carapace length of 55-70 mm, were used. Molt condition was determined by
the pleopod setogenesis method of Aiken (1973). Lobsters were acclimated at

I Present address: Biology Division, Oak Ridge National Laboratory, P. O. Box Y,
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least one mwontl i Dayno recirculating temperature-controlled aquaria, and fed
three times weekly on chopped fish and mussels.

In vitro assays

The rate of protein syvnthesis and the activity of the salvage pathway for
pyrimidine biosynthesis were assessed by measuring in witro the rate of incor-
poration of *H-leucine or *H-uridine into the acid-insoluble fraction. The activity
of the de nowvo pyrimidine pathway was assessed in two steps: the rate of incor-
poration of NaH"COj into orotic acid, and the rate of incorporation of orotic-**C-
acid into the acid-insoluble fraction. In all experiments, minces of 250 mg of
tissue were incubated in 10 ml of lobster physiological saline (Cole, 1941)
with 20 muy glucose and 30 mar imidazole buffer (pH 7.6) and adjusted
to a saturating concentration of radioactive precursor |50 mar in “H-leucine
(5 uCi); 20 mar in *H-uridine (5 pCi); 1 mar in orotic-"*C-acid (1 pCi)]: or 15
ma in NaH"COy (30 uCi), and 10 mar in G-azauridive which inhibits the further
metabolism of orotic acid ( Handschumacher and Pasternak, 1938). All tissues
showed linear incorporation with time for at least two hours. Saturating concen-
trations of nonradioactive precursor were added to the incubation medium to mini-
mize variations in uptake and incorporation of the radioisotope due to alterations in
membrane permeability and endogeneous precursor pool size. The saturation levels
were determined by increasing the concentration of nonradioactive precursor while
maintaining a constant specific activity (pCi/numole) until there was no further
enhancement of the incorporation rate.

After two hours of incubation with shaking at the desired temperature, the
reaction was terminated with 10 ml ice cold 1 ~ HCI0,. The acid-insoluble,
lipid-iree residue was prepared by homogenizing the incubation mixture and
washing the precipitate four times in 10 ml of 0.5 x HC10,, once in water, and
successively in 10 ml each of ethanol, ethanol/ether (1:1), and ethyl ether.
The residue was dried, weighed and solubilized with 0.5 ml of Soluene-100
(Packard Instrument Corp.). Scintillation fluid (Das, 1967) was added and
the samples were counted on a Packard Tri-Carb Model 3033 or Beckman Model
130 liquid scintillation counter for the time required to give a standard deviation of
no greater than 5% of the total activity. Counting efficiency was about 3070
for tritium and 706 for carbon-1-4.

The orotic acid synthesized during incubation with NaH"COy was isolated
by co-crystalization with carrier orotate (Smith ot al., 1973), and recrystalized to
a constant specific activity. The crystals were dissolved in 0.25 x KOH, diluted
with Aquasol LSC cocktail (Packard Instruments) and counted in a Beckman
Model 150 liquid scintillation counter for the time required to give a maximum
standard deviation of 1.5% of the total activity.

RN A content

The RNA content of the tissues was determined by the orcinal colorimetric
methiod of Drury (1948) performed on the acidified supernatant resulting from a
mild alkaline hyvdrolysis of the acid-insoluble, lipid-free residue (0.3 x KOH for
2 hours at 37° C). Between 93-999% of the *H-uridine contained in the acid-
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Ficure 1. Intermolt lobsters: the effect of temperature acclimation on the rate of incor-
poration of *H-leucine (A, B, C) and *H-uridine (A’, B’, C') into the acid insoluble fraction
of midgut gland (A, A"), abdominal muscle (B, B’) and gill (C, C’). Solid lines are data
from 5° C-acclimated lobsters, broken lines are data from 20° C-acclimated lobsters. Vertical
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insoluble residue was rendered acid-soluble by mild alkaline hydrolysis, providing
evidence that virtually all of the incorporation into nucleic acids is into RNA.

ResuLts

The effect of the molt cycle stage upon the capacity for thermal acclimation in
lobster tissues is shown in Figures 1 and 2. In these experiments, intermolt
(stage Cy) (Fig. 1) and premolt (stage D;""’-D.) (Fig. 2) lobsters were accli-
mated to 5° C or 20° C for one month before tissues were assayved in witro at a
variety of temperatures. Temperature acclimation of intermolt lobsters results
in compensatory shifts in the rates of incorporation of both *H-leucine and *H-
uridine. In midgut gland, abdominal muscle, and gill tissue, the rate-versus-
temperature (R-T) curve for tissue from cold-acclimated lobsters is translated to
the left of that of warm-adapted animals.

In contrast, midgut gland and muscle from acclimated premolt lobsters (Fig-
ure 2) show no thermal compensation or an inverse compensation. Incorporation
rates of warm-adapted tissue are either identical with or greater than incorpora-
tion rates of cold-adapted tissue.

Unlike the other premolt tissues, incorporation rates in gill exhibit a rotation,
or change in the slope, of the R-T curves. Cold-acclimated curves are rotated
counterclockwise with respect to leucine incorporation and slightly clockwise with
respect to uridine incorporation.

The possibility of a difference in the rate of acclimation between intermolt and
premolt animals was tested. Animals acclimated to one temperature regime were
transferred to the other temperature; the rates of leucine and uridine incorpora-
tion were assayed every 3— days for a month. Most of the alterations in the
elevation and slope of the R-T curves for the midgut gland and muscles of both
intermolt and premolt lobsters were accomplished within ten days of transfer to
the new temperature. The one exception was in the uridine incorporation rates in
the intermolt midgut gland. The rates remained at warm-acclimated levels after
ten days at 5° C, even though ten days was sufficient time for an adaptive response
in the reciprocal acclimation direction (McCarthy, 1974).

The results of the studies on the activity of the de noto pathway for pyrimidine
biosvnthesis are shown in Table I. The rate of incorporation of NaH"*COj3 into
orotic acid in tissue of intermolt lobsters is relatively independent of the acclimation
temperature. Alteration of the thermal regime has a more pronounced effect in
tissues of premolt animals. \Warm-acclimated rates are 25-3076 higher than cold-
adapted rates (inverse compensation). In 20° C-adapted lobsters, incorporation
of Nal1'*CO3 into orotic acid in premolt tissue is 17-249% greater than in intermolt
tissue.

The rate of incorporation of orotic-6-**C acid into RNA is greater in cold-
acclimated lobsters of either molt cycle condition, suggesting a compensatory accli-
mation to temperature. The activity of this portion of the pathway in the midgut
gland of premolt lobsters is twice that of intermolt animals; activity is slightly

bars indicate = one standard error. Under experimental conditions, 13X 10° DPM per gram
tissue per hr is equivalent to the conversion of 43.0 nanomoles of ‘H-leucine into protein or
18.2 nanomoles of *H-uridine into RNA.
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Ficure 2. Premolt lobsters: the data are presented in the same way as in Figure 1.
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greater m the muscle of intermolt as compared to premolt lobsters. There is a
consistent decrease in the rate of orotate incorporation at increased incubation
temperatures. The cause of this decrease 1s not immediately apparent; however,
it 1s not due to a decreased rate of conversion of orotic acid to UMP. The rate
of decarboxylation of orotic-2-"*C acid measured at 20° C was found to be 2-3
times greater than the rate at 5° C.

Both the molt cyele condition and temperature regime alter the concentration
of RNA in the tissues (Table ). The RNA content of premolt mid-gut gland
is 30—40% greater than that of intermolt tissue. The molt cyele had less effect
upon the RNA content of the muscle and gill (McCarthy, 1974). Cold acclima-
tion of both intermolt and premolt lobsters resulted in an increase in the RNA
content of muscle and gill, but a decrease in hepatopancreas RNA.

DiscussioN

The response of an organism to an environmental stress such as temperature
is clearly influenced by the internal physiological state of the animal. In this
study, intermolt lobsters exhibited a positive acclimation response with respect
to the i witro rate of incorporation of precursors into protein and RNA. Tobsters
in mid-premolt (stage Dy"’"’-D.) showed either no acclimation or inverse acclima-
tion, except m gill tissue. These results point out the need to consider the
changing physiological conditions of an organism when evaluating its capacity to
adapt to proposed environmental modifications.

The differential acclimation abilities of premolt and intermolt lobsters is also
reflected in their capacity for resistance acclimations. Premolt lobsters acclimated

15° C survive exposure to 28° C for a much shorter time than do intermolt
animals with the same acclimation history. Resistance to low salinity also de-
creases in premolt lobsters (Mel.eese, 1956). The capacity of intermolt lobsters
for temperature acclimation is undoubtedly of adaptive advantage in the natural
eavironment.  After summer molting, the lobsters continue to ieed actively during
the fall and early winter, even while temperatures are decreasing. [Feeding activity
(as estimated by stomach fullness) begins to increase from mid-winter, before
water temperatures rise significantly (Ennis, 1973). The ability to metabolically
compensate for the decreased environmental temperature permits the lobster to
continue its active search for food. Because of this continued feeding activity.
serum protein concentrations, which drop significantly following summer molting.
recover to intermolt levels by mid-winter (Ennis, 1973).

While the acclimation capacity of intermolt lobsters is clearly of adaptive
advantage, the absence of this temperature acclimation in the premolt animal is
less readily understood. Yet this tack of an acclimation response may be of adaptive
advantage, or at least impose no disadvantage, on the premolt lobster.  Having
ceased feeding near the hegining of the premolt state (Weiss, 1970), the lobster
must complete preparations for the molt, including the synthesis of a new cuticle,
using stored organic reserves.  Mectabolic compensation to temperature could com-
pete with the molting process for the utilization of these reserves. In the fiddler
crab, Uca pugna.r, depletion of available organic reserves by starvation results in
a loss of the ability to respond to cold exposure hy a compensatory increase in
metabolic rate (Vernberg, 1959). These observations suggest that there exists
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TABLE |

Pyrimidine biosynthesis in the midgut gland and abdominal muscle of lobsters of different intermolt
cvcle and acclimation conditions. RN. is mg g tissue, all others in nanomoles incorporated /g tissue/
hr = 1 standard error.  Number of animals is in parentheses.

NaHuCOg3 Orotic-1*C-acid ’ 3H-uridine
Sadle e
Molt stage J:r?lt]')g:‘_ Incubation temperature RNA
ature - I————
5°C 20°C 5°C 20° C ‘ 5°C 20°C
Midgut gland |
Intermolt 5°C 1.64 1.70 9.73 7.20 206.2 266.1 11.6
(stage Ca) +0.01 (3) | £0.03 (3) +1.3 (3) +1.0 (3) | £10.9 (12)| +=14.6 (10)| £0.4 (l())
20° C 1.64 1.97 8.03 4.40 115.6 157.5 14
| £0.05 (2} | £0.06 (3) +1.0 (5) +0.4 (S) +5.5 (7) =+3.6 (6) i() (11)
Premolt (stage 5°C | o549 1.46 20.84 17.65 148.3 236.0 18.6
Dy — Dy) +0.04 (4) | +£0.03 (3) +0.8 (5) +2.0 (5) +9.1 (5) | £27.3 (5) | 0.6 (10)
20° C 1.98 2.56 15.40 8.63 178.0 284.3 20.7
+0.03 (4) | £0.08 (2) +0.8 (4) 4+0.4 (3) | £12.7 (6) | £14.6 (7) | £1.0 (6)
Muscle
Intermolt 5°C 1.63 1.56 13.86 10.01 292.6 466.5 0.92
(stage Cy) +0.02 (3) | 2001 (3) | £1.0(3) | £1.2(3) | £25.5 (10)] £38.2 (9) | £0.05 (11)
20°C 1.61 1.81 10.17 6.32 2887 364.9 0.86
30.03 (3) | £0.02 (3) | =£0.7(5) | £0.5(5) | 2109 (7) | £12.7 (6) | £0.02 (8)
Premolt (stage s 1.52 1.70 11.16 8.08 286.5 553.3 0.92
Dy — Do) +0.04 (4) | £0.05 (1) +0.9 (5) +0.4 (5) | £23.7 (6) | £58.2 (6) | =0.03 (8)
20° C 2.12 2.33 9.62 6.65 376.7 §72.7 0.72
+0.04 (1) | £0.01 (3) +1.1(3) +0.7 (3) | £32.8(5) +36.4 (6) | £0.03 (8)

an integrative mechanism capable of preventing temperature acclimation when
available organic reserves are required for what appear to be more vital metabolic
needs. The compensatory mechanisms may also be of less value to the premolt
lobster since m temperate latitudes, molting is a seasonal occurrence cued at least
in part by an increased ambient temperature (Passano, 1960). Thus, the premolt
animal should infrequently encounter the prolonged low temperatures which neces-
sitate a compensatory metabolic reorganization.

The predominant pattern of acclimation in intermolt lobster tissue is a trans-
lation of the R-T curves. This is similar to the patterns exhibited by goldfish
tissue with respect to leucine incorporation (Das and Prosser, 1967). It is also
consistent with the mechanism for increased protein synthesis proposed Dby
Haschemever (1968, 19094, b), who found that the activity of elongation factor I
in the protein synthetic pathway increased upon cold acclimation, resulting in a
nonspecific increase in the rate of addition of aminoacyl residues to growing poly-
peptide chains.  Such an increased rate of substrate addition would be expected
to result in a translation, i.e., a change in the elevation, but not the slope, of the
R-T curves (Prosser and Brown, 1962). 1In this study, the cold-induced increase
in the rate of leucine incorporation in intermolt midgut gland occurred several
days Dbefore the corresponding increase in the rate of uridine incorporation or in
the total RNA content of the tissue (NMcCarthy, 1974). This is also consistent
with such a non-RNA mediated increase in the rate of protein synthesis.

While the molt cvcle clearly affects the rates of incorporation of precursors into
protein and RNA, the direction and magnitude of the change varies with the accli-
mation condition, incubation temperature, and tissue. Skinner (1965, 1968) and
Gorell and Gilbert (1971) found an increase in both the level of leucine incorpora-
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tion into proteins and the RNA content of the tissues of premolt animals and
attempted to interpret the correlation as causative. The present study does not
find a wniform increase in the rate of leucine incorporation. Yamaoka (1972)
also found arginine incorporation in the crab, Cancer magister, to be greater in
intermolt than premolt tissues. It seems likely, then, that control of the rate of
protein synthesis during the molt cycle is not directly dependent upon the level of
RNA in the tissues.

Although Skinner (1960) in Gecarcinus lateralis and Gorell and Gilbert
(1971) in Orconectes wirilis found RNA levels to increase in the premolt midgut
gland, they reported a decrease and no change, respectively, in the rate of *Il-
uridine incorporation into RNA. The present study reports over a 50% increase
in the rate of uridine incorporation in warm-adapted premolt midgut gland and
abdominal muscle. In an effort to resolve this discrepancy, the possibility
of competition between the salvage and de nowvo pathways for pvrimidine bio-
synthesis was examined. By comparison of premolt and intermolt rates measured
in 20° C-acclimated lobsters assaved at 20° C (the more “‘normal” environmental
conditions for premolt lobsters), it is clear that in both portions of the de nove
pathway, as well as in the salvage pathway, there is an increase in amount of
precursor (in nanomoles) incorporated into RNA in the premolt stage. This
increased syvnthesis of pyrimidine nucleotides from both pathways is clearly the
source of nucleotides for the increased level of RNA in premolt tissue.

The causes for the decrease in the conversion of orotate to RNA at increasing
incubation temperatures is not fully elucidated. However, it is not due to a
decreased rate of conversion of orotic acid to UMP, which was shown to increase
at the higher incubation temperature. It is possible that the decreased incorpora-
tion into RNA is due to an increase in competition for nucleotides for purposes
other than nucleic acid synthesis. The increased level of chitin biosynthesis
beginning at stage D; may account for the increased competition for the pyrimidine
nucleotides, The rate of C-acetylglucosamine incorporation into both chitin and
the activated mtermediate, UDP-acetylglucosamine, increases by several orders of
magnitude beginning at stage D, (Gwinn and Stevenson, 1973a, b). Although the
nucleotide is recycled during the synthesis of the polyvsaccharide, the dramatically
increased rate of chitin formation would presumably divert some of the pyrimidine
nucleotides from nucleic acid metabolism.

Such an increase in competition for nucleotides would account for the decreased
incorporation of *H-uridine into RNA found by the other workers. This effect
would be minimized in the system used in this study, which measured incorpora-
tion in the presence of a saturating concentration of precursor. It should be
noted that the amount of uridine incorporated into RNA (in nanomoles) by this
system appears to be very much greater than that accounted for by increased
competition for nucleotides at elevated incubation temperatures. It is unlikely,
therefore, that the R-T curves for uridine incorporation are significantly influenced
by this effect.

The incorporation of NaH"CO; into orotic acid and orotic-"*C-acid into RNA
reported here is, to our knowledge, the first report which demonstrates the existence
of the complete de novo pathway of pyrimidine biosynthesis in the class Crustacea.
Previously the pathway has been reported in the class Insecta (Porembska,
Gorzkowski, and Jezewska., 1966; Moriuchi, Koga, Yamada, and Akune, 1972).
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SUMMARY

1. The in witro rates of incorporation of precursors into protein and RNA and
the concentration of RNA were measured in tissnes of intermolt and premolt
lobsters acclimated to 5° C and 20° C. Midgut gland, abdominal muscle and gill
of intermolt lobsters respond to temperature acclimation by a compensatory trans-
lation of the rate-temiperature (R-T) curves with respect to the rates of incorpora-
tion of *H-leucine and *H-uridine into the acid-insoluble fraction. Midgut gland
and muscle of premolt animals exhibit either no compensation or inverse compensa-
tion ; gill tissue exhibits a rotation of the R-T curve.

2. The existence of the complete de nowo pathway of pyvrimidine bhiosynthesis
is demonstrated in the class Crustacea. NaH'"CO. is corporated into orotic
acid and orotic-"'C-acid is incorporated into the acid-insoluble fraction.

3. Both the concentration of RNA and the rates of incorporation of precursors
of both the salvage and de nowo pyrimidine pathways are enhanced in the midgut
gland of premolt lobsters, relative to intermolt tissue, under conditions of warm-
acclimation.
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